ABSTRACT To study the signal transmission mechanism in the human body, the channel characteristics are generally analyzed by modeling. In current modeling methods, the human body is considered quasi-static and the human tissues isotropic, for simplifying the model and its calculation; however, this does not consider the effect of the human tissues on electric signal transmission, resulting in considerable deviations between the calculated results and the measured values. To reduce model errors and improve precision, a channel modeling method with human muscular-tissue characteristics is proposed in this study. In this method, Maxwell's equations is used as the governing equation and a galvanic-coupling intra-body communication channel model with human-tissue characteristics is built in the cylindrical coordinate system. By building a numerical model with the same parameters as in the analytical model, the analytical solution is proved to be correct. By comparing the different-sample anisotropic models and the isotropic models with the experimental results, it is concluded that the anisotropic model with muscular-tissue characteristics is superior to the isotropic model without muscular-tissue characteristics, with respect to the curve variation tendency and error between the model calculations and the experimental results. The precision of this anisotropic model is enhanced by 200%; hence, it is more accurate. At last, in order to study the optimal communication frequency of the channel, we select 50 healthy persons as the subjects of this experiment, we find that the optimal communication frequency band of the human arm is 10 kHz to 50 kHz. Within this frequency band, the channel gain is the largest, and the mean deviation of samples is less than 2dB, which is very beneficial to signal transmission in human body.
devices and are used to monitor human physiological signals by physical contact. The implantable sensors are called implantable devices. Among the current implantable devices, in addition to smart pills for precision drug delivery [8] , glucose monitoring [8] and eye pressure sensing systems [9] , the cardiac pacemaker is the most successful and most widely used product [10] . For building a good BAN working environment, it is necessary to select an appropriate communication method to achieve data communication. Currently, there are two methods for data communication, wired and wireless. In wired communication, connected wires are used to connect all node equipment for data transmission. Although in this method the communication is steady and fast, owing to wiring, networking is complicated and human body movement introduces noise easily. Particularly, in implantablethis ignores the effect of the tissue characteristics on the channel. Several experiments demonstrate that human tissue is not completely isotropic. Because of the difference between the parallel and the transverse growth characteristics of some tissues, the parallel electric characteristics differ considerably from the transverse [32] [33] [34] [35] .
The main contributions of this paper are given as follows:
• 1) The transverse and the parallel characteristics of muscle fiber tissue are added into the analytical solution model to make the model closer to the real experimental environment;
• 2) The consistency between the model results and the experimental results is verified by several sample experiments;
• 3) The best communication range of the forearm is found by analyzing the experimental sample data, this lays the foundation for the design of the communication system. In this paper, the authors propose an analytical model with multilayer of anisotropic tissues, which is fast solving and has high repeatability; but existing intra-body communication models don't posses these properties. Meanwhile, the performance of the model is verified by a large number of experiments. Section I introduces the research background and purpose. Section II presents the research method including the structure of the fiber and the modeling methods. Section III details the experimental verification, in which a series of experiments are conducted to verify the accuracy and rationality of the model. Section IV presents the best communication bandwidth for communication channel. Section V discusses some of the limitations affecting the results obtained in Sections II, III and IV, Section VI presents some future works and Section VII concludes the work.
II. METHODS

A. STRUCTURE OF THE FIBERS
On the basis of Gielen's study [34] , we know that muscle tissue is made up of muscle fibers ( Figure 1 ). In the growth process of muscle fibers, due to difference growth characteristics in parallel and transverse directions, they are also significantly different in electrical characteristics:
• Conductivity parallel to the muscle fibres (σ l ) [34] :
FIGURE 1. The arm fibers structure. • Conductivity transverse to the muscle fibres (σ t ) [34] :
• Anisotropy ratio
Because we mainly study the influence of the conductivity on the channel along transverse and parallel directions of muscle fibers, we obtain the matrix of the muscle layer with the conductivity characteristics in the frequency domain:
Next, let's do the coordinate transformation:
Therefore, in the new coordinate system, the potential distribution can be expressed as follows:
Next we will continue to complete the channel modeling in the new coordinate system.
B. MATHEMATICAL MODEL
Based on the previous research results, human limbs are first abstracted as standard multilayer cylindrical structures in galvanic coupling human-body communication; two pairs of electrodes are used as the signal transmitting and receiving terminals, respectively, as depicted in Figure 2 . Human limbs with lengths h is equivalent to a multilayered concentric cylinder with skeleton, muscle, fat, and skin structures. According to the anatomical characteristics, (r 1 , r 2 , · · · , r N −1 , r N ) are the circumscribed radii of all the tissues on the tangent plane, where N is the outermost layer. (ε t1 , ε t2 , · · · , ε t(N −1) , ε tN ) and (ε l1 , ε l2 , · · · , ε l(N −1) , ε lN ) represent the transverse and parallel dielectric constants, respectively, of all tissues, (σ t1 , σ t2 , · · · , σ t(N −1) , σ tN ) and (σ l1 , σ l2 , · · · , σ l(N −1) , σ lN ), respectively, are the transverse and parallel conductivities of all the tissues [36] . Under the quasi-static condition from [37] , [38] , the electric potential distribution of the volume conductor may be expressed as
where ϕ is the interior electric potential in the human-limb tissue. σ s is the combination conductivity of the tissue in the s-th layer at a frequency f and is expressed as follows:
Note that σ ts (f ) and σ ls (f ) are, respectively, the parallel and transverse composite electric conductivities of the tissue in the s-th layer at a frequency f and is expressed as follows:
where σ ts (f ) and σ ls (f ) indicate the transverse and the parallel conductivity of the tissue in the s-th layer at a frequency f , respectively; ε ts (f ) and ε ls (f ) indicate the transverse and the parallel relative dielectric constants of the tissue in the tissue in the s-th layer at a frequency f , respectively and ε 0 is the dielectric constant in vacuum. Based on the cylindrical coordinate transformation relationship between muscle-fiber anisotropy and tissue isotropy, the following can be derived [36] :
and
where r * = √ σ ts (f )/ σ s (f )r and z * = √ σ ls (f )/ σ s (f )z
C. BOUNDARY AND CONTINUITY CONDITIONS
In order to derive the model solution in a volume conductor, the model should satisfy the boundary conditions, (16) and (18) , presented in this section.
And assumption:
where J nt (f , θ, z) depicts the normal component of the current density applied to the limb through the side surfaces.
D. POTENTIAL DISTRIBUTION MODEL
In combination with the quasi-static approximation electromagnetic boundary conditions [37] and the Laplace's anisotropic tissue equation in the cylindrical coordinate system [38] [39] [40] , a variable separation approach is used to derive the electric potential distribution of all the layers of human forearm tissue at a frequency f , which can be expressed as follows [41] :
where I n ( )is the n-th order modified Bessel function of the first kind and K n ( ) is the n-th order modified Bessel function of the second kind [20] , [30] , [31] ; A sL (f ), B sL (f ), C sL (f ) and D sL (f ) indicate constant coefficients of the electric potential equation concerning the tissue in the s-th layer at a frequency f . When σ s = σ ts (f ) = σ ls (f ) is true, the tissue characteristics in all the directions are identical at a frequency f ; hence, the electric potential equation of the isotropic tissue in the cylindrical coordinate system can be obtained as follows:
This corresponds to the conclusion drawn by X. M. CHEN etc. [30] , where the tissue is isotropic in the frequency domain. For better understanding of the proposed model, the model calculation flow chart is summarized as in Figure 3 .
E. PATH-GAIN MODEL
From potential distribution model, the path gain PG model can be expressed as:
where 
III. VERIFICATION OF THE PROPOSED MODEL A. VERIFICATION OF THE SAMPLES
To verify the rationality of the model, we recruited four volunteers (2 males, 2 females) aged 20-26 and measured the signal path-gain in their bodies at various distances, d. These volunteers were healthy and had no implantable electronic devices. The limbs were selected as the effective area for experimental verification. In order to demonstrate the experiment, we chose 40 mm×40 mm physiotherapeutic electrodes for sending and detecting the signals. These electrodes are generally used in clinical medicine experiments and therapy. They can be stuck onto the human limbs and steadily transmit the signals. Before placing the electrodes, for ensuring good connectivity between the body surfaces and the detecting electrodes, the dead skin and dust on the limbs must be removed by wiping and cleaning several times with alcohol cotton paper. A calibrated network analyzer set (Agilent 4395A network/Spectrum/Impedance analyzer) was selected for measuring the signal path-gain. To avoid inaccuracy due to the common-ground of the instruments, we chose a set of differential probes (Agilent Technologies 1141A Differential Probe) for connection with the human limbs, as shown in Figure 4 and Figure 9 , then input the current signal with a carrier signal of 1 kHz-1 MHz to measure the signal path-gain within the range, 1 kHz-1 MHz. We then measured the geometric parameters of the human body. As human limbs may be approximated by a multilayer cylindrical volume conductor, to estimate each layer of the tissue radius more accurately, we precisely measured the arm circumferences at the signal source and at testing point, the wrist perimeters, and the body heights and weights. These data were listed in Table 1 to Table 2 . 
B. TISSUE STRUCTURE PARAMETERS
In previous studies [30] , [31] , [42] , the tissue parameters are basically obtained by means of equal scaling. This method is simple and easy to obtain. However, there are also some problems. Due to individual differences, the data obtained by standard scaling is inevitably too ideal, and it is difficult to reflect the influence of individual differences. To solve this problem, we propose to use CT technology to obtain human tissue structure parameters. First, we selected four healthy persons' arms as the measurement objects. After marked, the arms were scanned by CT (Siemens Somatom Sensation16 CT Scanner) to obtain the tissue geometric data (shown in Figure 5 ). By measuring the area, we can get the overall area of the arm section, bone area, muscle area and fat area. By abstracting each area into a circle, we can get the radius of each sample and each kind of tissue as shown in table 3. Using the parameters in Table 3 , we can verify the consistency of the model more accurately.
Because this paper focus on verifying the performances of the two models with isotropic and anisotropic muscles under the same geometric parameters, estimation difference of the geometric parameters will not produce an effect on verification of the contrast test. Besides, because bone, skin and fat are all isotropic in the two models, they have the same electrical parameter; only the muscle layer is given electrical parameters in different forms.
From the above Geometric parameters, the radii (r s ) of the various organs in the multilayer volume conductor are obtained; after r s and the human tissue parameters are substituted into equations (20) and (21), the signal path-gain from the isotropic and anisotropic model calculations can be derived within the range, 1 kHz -1 MHz.
C. IN-VIVO EXPERIMENTS TO DETERMINE THE TISSUE CHARACTERISTICS
As the electric property of muscular tissue is significantly different in the transverse and parallel directions [34] , transverse FIGURE 6. Current distribution (current density is the total current over the electrode area. The red and blue squares are for positive and negative electrodes, respectively).
and parallel experiments need to be designed for model verification.
1) PARALLEL VERIFICATION
For the parallel direction verification of the model, two positive electrodes were placed on the same side of the arm for signal transmitting and receiving while two negative electrodes were placed on the other side of the arm. The distance between the internal flanges of the two electrodes of the same side, d, was 20 mm. The transmitting electrodes were distributed symmetrically relative to the central point. See Figure 4 for the detailed design. The current signal, J nt (f , θ, z), inputting to the transmitting electrodes, can be expressed as follows:
where J = I /S, S is the area of the electrode and I is the input current intensity (A) (shown in Figure 6 ). In the experiment, after a sinusoidal current signal of 0 dBm is input to the transmitting electrode, a potential difference is produced due to the coupling between the electrodes and the human tissues; the coupling potential difference is called the coupling potential on the electrodes, indicated by ϕ sL (f , r, θ, z), where ϕ sL (f , r, θ, z) Anisotropic and ϕ sL (f , r, θ, z) Isotropic are the Anisotropic and Isotropic, respectively. As the frequency, f , changes, the human-tissue conductivity properties between the positive and negative electrodes at the transmitting and receiving terminals vary accordingly; the coupling potential between the transmitting and receiving terminals can be expressed as ϕ sL (f , r, θ, z) TX and ϕ sL (f , r, θ, z) RX , respectively. The path-gain expression can be derived as (22) .
When d is constant, Gain(f , r, θ, z) can be obtained for a different frequency, f . In order to verify the rationality of the model, we selected four experimental samples to conduct the same experiment and verified the rationality of the model by comparing the Gain(f , r, θ, z) from the experiments and the Gain(f , r, θ, z) from the analytical solution model calculation. In the process of verification, to demonstrate the accuracy of the model solution, we utilized the geometrical and electric parameters applied in the analytical solution model to build a numerical solution model; we then verified the accuracy of the analytical solution model by computing the signal gain, Gain(f , r, θ, z), when the distance, d, was the same as that in the analytical solution model. The results are shown in Figure 7 . Figure 7 shows the results of the numerical and analytical solution models for different experimental samples, at different carrier frequencies, f . By contrasting the calculation result of the analytical solution model based on the sample parameters, with the simulation result of the numerical solution model, it is concluded that the result of the analytical solution is consistent with that of the numerical solution; therefore, the analytical solution is correct. By comparing the analytical solution, the numerical solution, and the experimental results, it was determined that although there is certain error between the variation tendencies of the experimental results and the calculation results of the model solution, the overall variation tendency of the model is consistent. The variation tendency is also shown in Figure 7 . Based on the research results of S. Gabriel [35] , as the frequency, f , increases, the conductivity (Table 4 and Table 5 ) of the human tissues, σ s (f ), increases, whereas, the Relative permittivity (Table 4 and Table 5 ), ε s (f ), decreases. Therefore, the resistance between the transmitting and receiving electrodes continuously decreases and the capacitance constantly increases. As the electrical conductivity of a channel continuously improves, the capacitance effect becomes increasingly obvious. Figure 8 shows the error between the analytical or numerical solution calculation results and experimental results, for different samples within the range, 1 kHz-1 MHz. It can be seen that the error between the numerical solution model calculation results and the experimental results and that between the analytical solution model calculation results are almost the same. This is because the parameters used in the numerical solution model and in the analytical solution model are the same and the calculation results of the two models are almost consistent; hence, the errors of the two models are nearly the same. As the sample tissue structures are different, in the model calculation, the sample parameters of the models can be obtained only by estimation; thus, the sample and model results vary to a certain extent.
2) TRANSVERSE VERIFICATION
For the transverse verification of the models, we placed the positive and negative signal-transmitting electrodes on both sides of the arm. The electrode configuration is the same as that in the parallel verification, the only change is in the transmitting and receiving methods. The detailed design is shown in Figure 9 . The current signal, J nt (f , θ, z), input to the transmitting electrodes, can be expressed as follows:
50 mm < z < 90 mm where J = I /S, S is the area of an electrode and I is the input current intensity (A), = W /2r N and W is the electrode width.
In order to ensure the quasi-static characteristics of the system, in the two groups of experiments, we input a current be determined that when the communication frequency is within the range, 1 kHz-20 kHz, as the frequency increases, the path-gain of the channel continuously increases; the channel path-gain curve exhibits an increasing tendency with the increase in frequency; this characteristic exists both in the calculation result of the anisotropic model with muscular tissue characteristics and in that of the isotropic model, but the characteristics of the former model are closer to the experimental result. When the communication frequency is within the range, 20 kHz-1 MHz, as the frequency increases, the path-gain of the channel decrease; the channel path-gain curve shows a declining tendency as the frequency increases. This characteristic of the calculation result of the anisotropic model with muscular tissue characteristics is almost the same as that of the experimental result; the isotropic model calculation result shows an increasing tendency, opposite to the experimental result and it conflicts with the actual variation tendency. It is obvious that the anisotropic model with muscular tissue characteristics better coincides with the actual situation. Figure 11 shows the error between the calculation results of different-sample anisotropic models with muscular tissue characteristics or that between the isotropic model and the experimental results within the frequency range, 1 kHz-1 MHz. It can be seen from the figure that the error between the calculation result of the isotropic model without muscular tissue characteristics and the experimental result is obviously larger than the error between the calculation result of the anisotropic model with muscular tissue characteristics and the experimental result. From the overall analysis of the four samples, it can be concluded that the latter error may be controlled within 30%, whereas the former error may reach 90%; hence, the latter is an unsuccessful modeling. Therefore, the anisotropic model with muscular tissue characteristics is superior to the isotropic model without muscular tissue characteristics.
To further analyze the performance of the model, we obtained the average error and the maximum error between the calculated result and the experimental result within the frequency range of 1 kHz to 1 MHz, so as to analyze the performance of the model (Figure 12 ). The data shown by pillar without grids in Figure 12 are the error analysis of isotropic model and experimental results, while the data shown by pillar with grids is the error analysis of anisotropic model and experimental results. It can be seen from the Figure 12 that, in the comparison analysis of the four samples, the anisotropic model with tissue characteristics are better than the isotropic model in terms of both the average error and the maximum error between the model result and the experimental result.
IV. BEST COMMUNICATION BANDWIDTH
In the wearable medical communication system, the optimal communication band will directly determine the communication performance of the channel. In order to study the optimal communication frequency of the galvanic coupling human-body communication within the frequency range of 1 kHz to 1 MHz, we selected 50 healthy persons (25 males, 25 females) aged between 16 to 65 years old as the subjects of this experiment. They were voluntary, and the experiments were introduced to them in detail before the experiment. They were fully familiar with the experiment process and safety issues.
Since the actual communication is mainly the transverse communication, this experiment aims to measure channel gain when the z-axial distance changes. In the first measurement, the communication distance between the electrodes is 20 mm; afterwards the communication distance between electrodes is increased by an electrode width (40 mm) in each measurement. Because the effect of the human joints on channel communication has not yet been analyzed in this study, in this measurement, the maximum communication distance between electrodes was set as 100 mm. Among 25 samples, the channel gain with the communication distances of 20 mm (Figure 13(a) ), 60 mm ( Figure 13(b) ) and 100 mm ( Figure 13(c) ) were measured. By analyzing three sets of experiments, we found that the optimal communication frequency band of human arm was 10 kHz to 50 kHz. Within this frequency band, the channel gain is the largest, and the mean deviation of samples is less than 2dB (Figure 13(d) ), which is very beneficial to signal transmission in human body.
In order to study the change of channel gain with the increase of the communication distance, the average gain value at 20 kHz in Figure 13 (d) was selected as the research object. The variation trend curve of path gain (Figure 13(e) ) and fitting parameters of the fitting curve (Figure 13(f) ) were obtained by linear fitting. It can be seen from Figure 13 (e) that the fitting curve is consistent with the measured value. Meanwhile, by analyzing the fitting curve, we can also conclude that channel gain shows a linear decreasing trend with the increase of the channel distance.
V. DISCUSSION
In this study, after the simplification of the human limb tissue distribution, a multilayer analytical model is obtained. The simplified cylinder has a simple geometrical structure; therefore, it is suitable for building an analytical solution model. However, some of the geometrical properties of the human organs will be inevitably lost due to the simplification, causing inaccurate results ( Figure 5 ). In future research work, we intend to reduce the error due to the geometrical simplification by repeating multiple times the same circumference (Figure 7, Figure 8 , Figure 10 , Figure 11 and Figure 12) , it can be concluded that the anisotropic model with muscular tissue characteristics is better than the isotropic model without muscular tissue characteristics with respect to the curve variation tendency and the error between the model calculation results and the experimental results; the anisotropic model with muscular tissue characteristics is more accurate than the isotropic model without muscular tissue characteristics. The model precision is considerably improved by up to 200%, which is a significant breakthrough. However, there still exist errors in this model, with the maximum being 30%. This is caused by a series of modeling assumptions such as the geometric simplification and the quasi-static approximation.
In this paper, the characteristics of tissue anisotropy in the surface communication channel are discussed, and the consistency of the model is verified by experimentation. In the implantable communication channel, tissue characteristics also exist, but due to the limitations of current experimental conditions, this has not been verified. In the future, we will further design the implantable communication channel to verify the consistency of the model. Figure 13 shows the measurement results of the human arm, the optimal communication frequency band and the fitting path gain model. In the actual communication system, wearable devices are more commonly used in the chest cavity and human legs. Whether these parts have the same properties and whether the fitting model is effective still need to be further verified. In addition, all measurement in this experiment was carried out in the static state of human body. In the dynamic state of human body, the effects of channel properties and motion noise on the channel need to be further studied.
The galvanic coupling intra-body communication is widely concerned in modern medicine because of its low communication frequency, very small radiation, stable transmission and long transmission distance, which can avoid signal leakage and lays a foundation for the security of signal transmission. In the research of channel transmission, in order to understand the transmission mechanism of signal in VOLUME 7, 2019 channel more accurately, researchers usually analyze its characteristics by establishing channel models. In modeling, human tissues are usually reduced to isotropy in order to meet the needs of the model and simplify the solution. In this way, the influence of tissue characteristics on the channel will be neglected. This will inevitably lead to the difference between the model result and the experimental result, especially the difference caused by tissue characteristics. In future research, we will continue to analyze the influence of other tissue characteristics on the channel.
VI. FUTURE WORKS
Although the muscle fiber tissue characteristics were added to the model, the model results are in good agreement with the experimental results. Meanwhile, the optimal communication frequency band of the system is found by analyzing the sample data. However, the following problems still need further study.
• 1) When the model was established, only the axial connectivity was considered, and the influence of joint on the model was not considered. In the future, we will further consider establishing the channel model with joint characteristics.
• 2) In the verification of the channel model introduced in this paper, we only considered verifying the simple cylinders such as limbs. As the human thoracic cavity is a more complex geometry, whether such simplification is reasonable or not will be verified by further experimentation and the model will also be modified in the future.
• 3) In the verification experiment, only quasi-static scenarios were considered. In the motion state, the consistency of the model needs further study.
• 4) By designing an actual communication system, the channel characteristics (such as channel capacity, signal-to-noise ratio, and bit error rate) of this method in the biomedical engineering will be verified.
VII. CONCLUSION
To reduce the model error and improve its precision, a channel modeling method with human muscular tissue characteristics was proposed in this study. In this method, Maxwell's equations were the governing equation and a galvanic-coupling human-body communication channel model with human tissue characteristics was built in the cylindrical coordinate system. By establishing a numerical solution model with the same parameters and deriving its solution, the solution was proved to be correct. The result verifies the modeling method effectively. By comparing the calculation results and experimental data, we found that the maximum error of the channel model with muscular tissue characteristics in the sample experiment was controlled below 30%, whereas the error of the isotropic model without muscular tissue characteristics reached 90%; hence, the precision of the channel model with human muscular tissue characteristics is significantly improved. The calculation result of the channel model with human muscular tissue characteristics was consistent with the experimental result, with respect to the variation tendency. Although the isotropic model without human muscular tissue has the same characteristics within the range, 1-10 kHz, it is opposite to the experimental result in the frequency range, 20 kHz- 
